Benefitting from the independent target echoes of diversity channels, diversity MIMO radar can efficiently improve system performance, such as target detection and parameter estimation. Due to the fact that the RCS (radar cross section) of complex target may vary with the different transmitted carrier frequencies and array geometries, many recent researches study at the background of diversity MIMO radar equipped with widely separated array antennas or working at multiple carrier frequencies, respectively. In this paper, a new MIMO radar system combining the spatial and frequency diversities is investigated in the presence of signaldependent clutter, which is called spatial-frequency diversity MIMO radar. With the prior information of target and clutter, a new method for joint optimization of transmitted waveforms and receiving filters is proposed to enhance the target detection ability of spatial-frequency diversity MIMO radar. Inspired by the MIMO communication system, the water-filling algorithm is introduced into the transmitted energy allocation problem for each carrier frequency channel. Simulation results show that the proposed system has a better performance in output signal-to-clutter-noise ratio (SCNR) compared to conventional diversity MIMO radar system.
Introduction
Recently, the transmitted waveforms optimization problem of MIMO radar is a very popular issue in radar research field [1] [2] [3] [4] [5] . In conventional MIMO radar, the target diversity information of independent channels can be extracted by matched filters. The extra degrees of freedom brought by diversity information enable the system to obtain better performance in target detection and parameter estimation [6] [7] [8] . However, in the presence of clutter, the conventional MIMO radar is unable to suppress clutter effectively for the reason of the intrinsic correlation between the clutter and target echoes. Consequently, the joint optimization of transmitted waveforms and receiving filters for MIMO radar to suppress the clutter has attracted the attention of more and more researchers [9] [10] [11] .
Because of its ability to transmit arbitrary waveforms, MIMO radar can obtain plenty of diversity information of target echoes. It is possible to suppress the clutters effectively by properly utilizing the diversity information. According to the types of diversity information, diversity MIMO radar can be divided into two types: spatial diversity MIMO radar [12, 13] and frequency diversity MIMO radar [14, 15] . For spatial diversity MIMO radar, in order to observe target from different directions, the array antennas are often widely distributed. According to [7, 16] , MIMO radar system will obtain the different RCS of target from different directions when the spacing between every two antennas satisfies
where denotes the spacing between two antennas, is the wavelength of carrier frequency, is the target distance departed to array, and represents target size. For frequency diversity MIMO radar, the system obtains the independent target echoes by transmitting probing signals of different carrier frequencies. Even though the array antennas may be co-located distributed, the frequency diversity can be obtained only if the working frequency difference of two frequency channels satisfies [16, 17] 
where Δ denotes the carrier frequency difference of two frequency channels and represents the speed of light. In this paper, spatial-frequency diversity MIMO radar system is investigated, which combines the advantages brought by spatial and frequency diversities. The structure of spatial-frequency diversity MIMO radar is shown in Figures 1  and 2 . The array antennas are widely distributed. The spacing between every two antennas satisfies (1) , so that the spatial diversity information can be obtained. Meanwhile, each antenna transmits probing signals of carrier frequencies. The frequency difference of every two frequency channels satisfies (2) to obtain the frequency diversity information. So much diversity information provides much more extra degrees of freedom to design transmitted waveforms, receiving filters and energy allocation of frequency channels, which makes it possible for spatial-frequency diversity MIMO radar to achieve better system performance than conventional diversity MIMO radar. However, the difficulty is that the joint optimization of transmitted waveforms and receiving filters is not a convex optimization problem, which cannot get the closed-form solution easily. In addition, the energy allocation optimization of different frequency channels is a new problem that is faced by spatial-frequency diversity MIMO radar.
So far, the transmitted waveforms optimization techniques are mostly developed for MIMO radar with widely distributed antennas, which only take advantage of the spatial diversity information [1, 3, 4, 12, 13, 18] . In order to improve the performance of parameter estimation, the MMSE, NMSE, and MI methods are investigated for spatial diversity MIMO radar in [1] and the references therein. The methods proposed in [18] are also developed for spatial diversity MIMO radar to improve the target detection performance. Unfortunately, all these methods are not extended to spatial-frequency diversity MIMO radar yet. Unlike these references, this paper proposes a joint optimization method of transmitted waveforms and receiving filters for spatial-frequency diversity MIMO radar to improve the target detection performance against clutters. A similar iteration algorithm designed for traditional radar system is proposed in [19] . However, it cannot be directly applied in MIMO radar especially the proposed spatialfrequency diversity MIMO radar. In the proposed method, the rule of maximum output SCNR is applied to optimize the transmitted waveforms and receiving filters jointly. Under the premise that the target and clutter are known as priors, an iterative algorithm is proposed to maximize the output SCNR of system by optimizing the transmitted waveforms and receiving filters alternatively. The output SCNR in each step of the iterative algorithm is nondecreasing, so that the convergence of the proposed method is guaranteed. Meanwhile, inspired by the MIMO communication theory, the water-filling algorithm is introduced to the optimization problem of energy allocation for different frequency channels. Simulation results show that the water-filling algorithm significantly improves the system performance. Combining these methods, spatial-frequency diversity MIMO radar achieves a greatly improved target detection performance compared to conventional MIMO radar systems.
The paper is organized as follows. In Section 2, the signal model of spatial-frequency diversity MIMO radar is briefly introduced. In Section 3, the water-filling algorithm is introduced to energy allocation problem of frequency channels firstly. Then, an iterative algorithm is proposed to optimize the transmitted waveforms and receiving filters alternatively in Section 4. The simulations results that show the advantages of spatial-frequency diversity MIMO radar are presented in Section 5 which is followed by the conclusions in Section 6.
Signal Model of Spatial-Frequency Diversity MIMO Radar
Consider the proposed spatial-frequency diversity MIMO radar system equipped with a transmit array of antennas and a receive array of antennas. Assume that the baseband waveform transmitted by each transmit antenna is s ( = 1, 2, . . . , ), with the snapshots of . The total energy of waveforms is normalized. Each waveform s will be transmitted by different carrier frequencies at the same time (as shown in Figure 1 ). The energy of each carrier frequency is represented as ( = 1, . . . , ), and the total transmit energy is set as . As shown in Figure 2 , the received signal of each receive antenna is down-converted with different carrier frequencies, respectively, and summed together in baseband. Then the synthetic baseband data go through the receiving filters h ( = 1, 2, . . . , ). As the proposed system satisfies (1) and (2) simultaneously, the received data of channels are independent. Assume that ( = 1, 2, . . . , , = 1, 2, . . . , , = 1, 2, . . . , ) represents target reflection and attenuation coefficient between th transmit antenna and th receive antenna at th frequency channel. If the target reflection and attenuation coefficients change so slowly that they can be deemed to remain constant in the snapshots duration, the received baseband target echoes at th frequency channel can be written as
where
The received baseband target echoes in (3) can be vectorized as
where vec(⋅) denotes vectorized operator, ⊗ denotes Kronecker product, and I is × 1 identity matrix. Note that if target reflection and attenuation coefficients change so quickly that they will vary within the snapshots,T should be redefined as
In this case, the target reflection and attenuation coefficients T can be assumed as stochastic processes of random variables under the th frequency, and the random variables may be assumed independent and identically dis-
Then, the sum of received baseband target echoes of all the frequency channels can be described as
Defining T = ∑ =1 √T , (7) can be rewritten as
Similarly, the clutter coefficients of channels under th frequency also can be assumed as stochastic processes, with distribution (0, R C ). By defining the clutter coefficients matrixC which has the same structure asT and C = ∑ =1 √C , the sum of received baseband clutters of all the frequency channels can be described as x = Cs.
Then, the complete received baseband data can be expressed as
where w denotes Gaussian noise with energy of 2 w . Let the received baseband data go through the receiving filters h ( = 1, 2, . . . , ). The output of the filters can be written as
where h = [h 1 , h 2 , . . . , h ] with a size of × 1. Note that when is chosen as 1, the signal model proposed above will be equal to the model in [18] which is based on spatial diversity MIMO radar. Consequently, the signal model of spatial diversity MIMO radar can be regarded as a special case of the proposed signal model in this paper.
Energy Allocation of Frequency Channels
In some clutter scenarios, such as ground clutters and sea clutters, the clutter coefficients may vary with different frequencies. Especially when the frequency difference Δ is large enough, the clutter coefficients of different frequency channels will be particularly different [20] . As a result, conventional uniform energy distribution method for frequency channels cannot achieve the best performance of spatialfrequency diversity MIMO radar.
Water-filling algorithm is widely applied in energy allocation in multichannel wireless communications, which can allot adaptively transmitted energy according to the channel condition [21, 22] . Inspired by the theory in MIMO communication system, we introduce the water-filling algorithm to the energy allocation problem of frequency channels for spatial-frequency diversity MIMO radar. According to [22] , the capacity of all the frequency channels can be described as
w , and trace(⋅) denotes the trace of a matrix.
With the channel knowledge known, the maximum capacity of MIMO channel can be achieved by applying water-filling principle on the channel energy allocation. The optimal energy allocation is decided according to the water-filling rule [23] :
where is a constant which guarantees the energy constraint at transmitter that
Joint Optimization of Transmitted Waveforms and Receiving Filters
Spatial-frequency diversity MIMO radar provides much more extra degrees of freedom to design transmitted waveforms and receiving filters. Even in clutter environment, it is possible to improve the output SCNR of the proposed system, as long as the transmitted waveforms and receiving filters are designed properly. In this section, the rule of maximizing the output SCNR is applied to optimize the transmitted waveforms and receiving filters jointly. Define the output SCNR of system as
As the rule of maximizing SCNR is applied, the optimization problem can be expressed as
Obviously, the optimization is not a convex problem and cannot get its global optimal solutions easily. However, several local optimal solutions may be found within the feasible solution space. In this paper, an iterative algorithm which optimizes the transmitted waveforms s and receiving filters h alternatively is proposed to improve the SCNR. The numerical simulation results show that each step of the proposed algorithm is nondecreasing, so that the convergence of the proposed method is guaranteed. Although the final results of the iteration algorithm may be just local optimum, they will be global optimum with respect to s dimension and h dimension, respectively. As a result, the optimized result is the best one among the multiple local optimal solutions.
Firstly, we solve h in terms of s. In this case, the optimization problem above can be written as
Define
Then, (17) can be rewritten as
It is obvious that (19) is the well-known Rayleigh quotient problem [24] and the solution to this problem is the principal generalized eigenvector of R Ts and (R Cs + R w ); that is,
where max (A, B) denotes the generalized eigenvector corresponding to the maximum generalized eigenvalue of A and B.
To solve s in terms of h, the optimization problem can be rewritten as 
Similarly, define 
Unfortunately, the structure of (23) is slightly different from (19) , and it is not a standard Rayleigh quotient problem. However, noting the fact that the constraint satisfies ‖s‖ 2 = s s = 1, the optimization problem (23) is equal to
where I denotes identity matrix with a size of . Equation (24) is a Rayleigh quotient problem and its solution satisfies the constraint ‖s‖ 2 = 1. As a result, the optimal solution to (23) can be computed bỹ
All steps of the proposed algorithm are summarized as follows.
(1) Compute transmitted energy allocation of different frequency channels by (13).
(2) Initialize the transmitted waveforms s (e.g., random waveforms). (7) Compute the SCNR by (15) , and compute the difference between the two adjacent iterative results of SCNR.
(8) Repeat steps 3-7 until the difference is less than a very small value (e.g., 10 −4 ).
Simulation Results
In this section, some simulations are performed to show the performance of spatial-frequency diversity MIMO radar against clutters. Throughout our experiments, a MIMO radar system with a transmit array of = 4 and a receive array of = 4 is assumed. The configurations of arrays satisfy (1) and (2) . The number of snapshots is set as = 16 and the energy of Gaussian noise is assumed as 2 w = 1. In the experiments of SCNR versus CNR (clutter-to-noise ratio), each method has completed 200 independent runs. Experiment 1. In this experiment, the number of carrier frequencies are assumed as = 3. The transmitted waveforms are initialized as random waveforms. The total transmitted energy of all frequency channels are set as = 1. The coefficients { } are generated as independent and identically distributed Gaussian random variables with unity variance; namely, R T = I . The covariance matrixes R C of clutters under each frequency channel are generated by
where A is a positive semidefinite matrix with a size of 16×16 whose maximum spectral radius is no more than 1 and B is a unitary matrix with a size of 16 × 16. Note that (26) with superscript applied here is just for the aim of generating the different clutter covariance matrixes in different frequency channels.
By applying the water-filling algorithm, the energy allocation of each frequency channel is shown in Figure 3 . According to the condition of each frequency channel, the energy is no longer uniformly distributed. Then, the proposed iterative algorithm (from (18) to (25)) is applied to optimize the system output SCNR. Figure 4 shows the trends of SCNR versus iterative number. It can be found that the SCNR in each step of the proposed iterative algorithm is nondecreasing and rapid convergence of the method is guaranteed. The optimized transmitted waveforms and receiving filters are shown in Figure 5 .
Experiment 2.
In order to illustrate the effects of water-filling algorithm and the number of frequency channels on the performance of the system, we also perform the simulations of the output SCNR versus input CNR in five cases: (i) = 2 with applying the water-filling algorithm; (ii) = 3 with applying the water-filling algorithm; (iii) = 2 with applying uniform energy allocation method; (iv) = 3 with applying uniform energy allocation method; (v) the method for spatial diversity MIMO radar in [18] 
For simplicity, the target coefficients are assumed as
The clutter covariance matrixes R C are generated similarly to that in Experiment 1. The total transmitted energy of all frequency channels are set as = 1. However, the input CNR varies in the range [−5 dB, 30 dB]. The simulation results of the output SCNR versus input CNR in the cases of = 2 and = 3 with applying water-filling algorithm or uniform energy allocation method are shown in Figure 6 . Obviously, the two cases which apply the water-filling algorithm have better performance than the other two with uniform energy allocation. It is demonstrated that the water-filling algorithm works very well in spatial-frequency diversity MIMO radar. Besides, the performance in the case of = 3 is also much better than that in the cases of = 1 and 2, which shows that more frequency diversities will make more contributions to the system performance. Nevertheless, we could not increase the number of carrier frequencies without restrictions. The reason is that the increased number of carrier frequencies will not only result in extra hardware cost and increased usage of electromagnetic spectrum but also lead to the increase of computational complexity. Consequently, it is still a problem that is worthy of further study to seek the balance among the number of carrier frequencies, hardware cost, computational complexity, and the increase of system performance.
Experiment 3. In [3, 4] , the authors also proposed a method to design optimal waveforms by only exploiting spatial diversity. In their proposed algorithm, water-filling algorithm is used to optimize the transmitted power from different antennas, whereas similar algorithm is used to optimize the transmitted power form different frequency channels in our method. Besides, their method can also achieve the closedform optimal solution; namely, the left singular vectors of the optimal waveform should be the eigenvectors of the covariance matrix of colored noise and the right singular vectors should be eigenvectors of the covariance matrix of target. To illustrate the superiority of our method, the comparison in signal-dependent scenario of the two methods under the rule of maximizing SCNR is performed. Note that the application scenario discussed in this paper is signaldependent clutter suppression, so that the comparison of signal-independent noise suppression performance for the two methods is not considered here.
In this experiment, the MIMO radar equipped with = 4 widely distributed arrays is assumed. The eigenvalues of covariance matrix of target R (which is defined in [4] ) are set as {7, 5, 2, 1}. The clutter covariance matrixes R C and noise are generated similarly to that in Experiment 2. The input CNR varies in the range [−5 dB, 30 dB]. The total transmit energy is set as = 100. Note that the signaldependent clutter and noise here are treated as the colored noise part W (which is defined in [4] ) in the simulation of the method in [4] . In our method, the number of carrier frequencies is set as = 3. The trends of SCNR versus CNR of the two methods are shown in Figure 7 . The result of the method applying orthogonal waveforms and matched filters is also drawn in Figure 7 . It is obvious that the performance of our proposed method is much better than that in [4] , and the performance of the method in [4] is similar to the matched filters method with no anticlutter measures applied. It demonstrates that the method in [4] is unable to suppress the signal-dependent clutter effectively, although it works well in the colored noise suppression application (where the noise part is independent of transmit signal). In signal-dependent clutter suppression application, the performance of the method we proposed is much better than conventional MIMO radar and those in [4] . However, the computational complexity of our method will increase linearly with the number of iterations. Compared with the closed-form solution in [4] , more computing resources are needed in the proposed method.
Experiment 4.
In this experiment, two application scenes for the proposed method are investigated: the target reflection and attenuation coefficients slowly changed case and quickly changed case. For the slowly changed target case, the coefficients { } are deemed to remain constant in snapshots duration, so that the coefficients are assumed as independent and identically distributed Gaussian random variables with unity variance. For the quickly changed target case, the coefficients { } will vary within snapshots. Similarly to Experiment 1, the coefficients in this case are generated as independent and identically distributed Gaussian random variables with unity variance too. For both cases, the is set as 3. Under the same MIMO radar system and clutter assumption in Experiment 2, the simulation results of the output SCNR versus input CNR in both cases are shown in Figure 8 . It shows that our method has a better performance in quickly changed target case, for the reason that more RCS samples of quickly changed target are obtained in time domain. It is demonstrated once again that MIMO radar has the ability to suppress the target scintillation effectively and the advantages of diversity information brought by MIMO radar can effectively improve the target detection performance.
Conclusions
In this paper, the spatial and frequency diversities are combined in one MIMO radar system, namely, spatial-frequency diversity MIMO radar. By taking full advantages of the extra degrees of freedom brought by plenty of spatial and frequency diversities, we investigate the application of spatial-frequency diversity MIMO radar in clutter scenarios. Firstly, the waterfilling algorithm is introduced to the energy allocation problem of frequency channels. The simulation result shows that it works well to improve the system performance. Then, an iterative algorithm which optimizes the transmitted waveforms and receiving filters alternatively is proposed to maximize the output SCNR, which will improve the target detection performance in the presence of clutters. Simulation results show that the methods we proposed can effectively suppress the clutters with spatial-frequency diversity MIMO radar. Compared with existing methods, the proposed method has a superior performance in the presence of clutter. In addition, it is demonstrated once again in our simulation results that MIMO radar can suppress the target scintillation effectively.
